Design: Pharmacoepidemiological study. Setting: In the 12 dialysis units located in the French region of Lorraine.
Participants: A total of 269 dialysis patients with newly diagnosed SHPT were prospectively included from December 2009 to May 2012 and followed-up for 2 years.
Results: We identified four distinct trajectory groups:
'rapid PTH drop' experiencing a rapid and sharp decrease (over weeks) in PTH level associated with decreasing phosphate level within normal range (n=34; 12.7%), 'gradual PTH decrease' experiencing a gradual and continuous decrease (over months) in PTH level and maintaining phosphate at a middle level throughout the study (n=98; 36.4%), 'slow PTH decrease with high phosphate' experiencing a slow decrease in PTH level associated with a relatively high phosphate level (n=105; 39.0%) and 'uncontrolled SHPT' with high levels of PTH and phosphate throughout the study (n=32; 11.9%). Patients in the 'uncontrolled SHPT' group were significantly ( p<0.00001) younger than patients in other groups. Kidney Disease Improving Global Outcomes (KDIGO) targets for PTH, phosphate and calcium were reached simultaneously for 14.9% of patients at baseline and 16.7% at the end of the study. Patients were given cinacalcet more frequently at months 3 and 6 in the 'rapid PTH drop' and at month 24 in the 'uncontrolled SHPT' groups.
Conclusions: Over 2 years following a new SHPT diagnosis, a younger age and a higher rate of alkaline phosphatase were associated to a continuous uncontrolled SHPT. Patients with the lowest PTH at the end of the follow-up tended to receive more often cinacalcet.
Trial registration number: ClinicalTrials.gov number, NCT02888639, post results.
BACKGROUND AND OBJECTIVES
Clinical practice guidelines on the management of chronic kidney mineral and bone disorder (CKD-MBD) recommend target levels for parathyroid hormone (PTH) in the range of two to nine times the upper normal limit and treatment modifications on the basis of trends rather than on a single value. 1 Until now studies on CKD-MBD management assessed secondary hyperparathyroidism (SHPT) evolution using a single measurement value for a single biochemical parameter, mostly serum PTH level which is highly variable. Group-based multi-trajectory modeling (GBMM), in contrast, is a statistical approach recently used in clinical research for identifying distinct patterns of change within a population and estimating the likelihood for each individual of being assigned
Strengths and limitations of this study
▪ The first study to apply group-based multitrajectory modeling (GBMM) in chronic kidney mineral and bone disorder (CKD-MBD). ▪ The EPHEYL study included all dialysis patients reporting newly diagnosed secondary hyperparathyroidism (SHPT) in a French administrative country, whereas most studies on biochemical assessment in SHPT patients included prevalent SHPT patients for whom data on disease duration were unavailable. ▪ The small sample size was counterbalanced by the rigorous methodology.
to a trajectory group. 2 3 A full and accurate description of illness trajectories may help clinicians plan and deliver appropriate care. To the best of our knowledge, trajectories of biochemical parameters of CKD-MBD in patients with newly diagnosed SHPT were never described with this statistical approach.
This study aimed to define groups of patients according to the changes of biochemical parameters, that is, serum calcium, phosphate and PTH over a 2-year follow-up period using GBMM among a cohort of dialysis patients with newly diagnosed SHPT, and to compare their patient characteristics and treatments.
METHODS

Settings
The pharmacoepidemiological EPHEYL (Étude PHarmacoÉpidémiologique de l'hYperparathyroïdie secondaire en Lorraine) study is a 2-year, open-cohort, prospective, observational study on incident SHPT, that is, newly diagnosed, with a 2-year follow-up, set in the 12 dialysis units located in the French region of Lorraine ( public or private).
Participants
From 1 December 2009 to 31
May 2012, all patients who were on dialysis (haemodialysis or peritoneal dialysis) for at least 3 months were identified through the REIN registry-Region of Lorraine. 4 Among them, those who experienced PTH ≥500 ng/L for the first time were included in our study. The PTH cut-off value of 500 ng/L was chosen at the time of 2003 K-DOQI. 5 Indeed when we initiated the study, the updated Kidney Disease Improving Global Outcomes (KDIGO) recommendations were not effective and the advocated PTH target range was 150-300 ng/L in CKD stage 5 patients. 5 All patients included in our study were prospectively followed-up for 2 years.
Data collection
Data collection was described in-depth elsewhere. 6 7 In brief, all sociodemographic and clinical data (biochemical parameters, outcomes, treatments) were retrieved from the REIN registry and prospectively collected from medical reports. 4 A standardised form was used to collect data from medical records. A steering committee composed of an epidemiologist (CA) and a nephrologist (LF) reviewed all forms and medical records when collected biochemical data were out of international standards.
The following biochemical parameters were collected at the time of inclusion and during the study: PTH, calcaemia, phosphate, vitamin D, alkaline phosphatase, albumin, haemoglobin and measured ionised calcium.
All drugs acting on phosphocalcic metabolism were collected during the study and classified into five groups: native vitamin D, vitamin D receptor activators, calciumcontaining phosphate binder (CCPB), calcium-free phosphate binder (CFPB) and cinacalcet. A Charlson index was also calculated for each patient. 8 
Statistical analysis
Group-based multi-trajectory modeling GBMM was used to identify distinct trajectories of phosphataemia, calcaemia and PTH. 9 10 This statistical method is based on identifying groups of individuals following markedly distinct trajectories within a population and estimating probability for an individual to be assigned to a trajectory group. 9 GBMM is a variant of group-based trajectory modeling devised to model trajectories for several parameters and to assess interrelationship of trajectories for these parameters without significantly increasing the total number of trajectory groups. 11 12 Serum phosphate and calcium levels as well as PTH/ assay upper limit ratio were modeled using the SAS (SAS Institute, http://www.sas.com) procedure, PROC TRAJ. 9 11 This procedure is an extension of the statistical software SAS which fits a semiparametric mixture model to longitudinal data using the maximum likelihood method. The total number of measurements used was up to nine for each parameter (at inclusion and every 3 months over 2 years). The median was used when different values for a biochemical parameter had been collected for a patient in the same time interval. The Bayesian information criterion (BIC) was used to compare zero-inflated Poisson models with up to six trajectory groups. For each number of trajectories, we compared models defined by intercept with linear, quadratic or cubic models using the following formula: 2(ΔBIC) >2. 11 Each patient was assigned to a trajectory group for which the estimated probability of assignment was greatest. An assignment probability of 0.7 was considered a poor fit, while a value of 0.9 or higher was considered an excellent fit.
Comparison of characteristics of the trajectory groups Qualitative variables were described by frequency and percentage and quantitative variables by mean and SD if the normality hypotheses (Shapiro-Wilks test) were fulfilled. Comparative bivariate analysis of all patient characteristics was performed using χ 2 test or Fischer's exact test for qualitative variables, and analysis of variance or Kruskal-Wallis non-parametric test for Gaussian quantitative variables. Multivariate analyses of variance (MANOVA) were performed to compare the biochemical parameters of trajectory groups not used in the GBMM approach. When a difference was found, bivariate comparisons were performed using Bonferroni test or χ 2 test by adjusting the α value using the Bonferroni correction. A comparative survival analysis between trajectory groups was also performed using the log-rank test.
Model robustness
We carried out a random sample among two-thirds of the patients of our population (N=179) to check the robustness of the model and account for uncertainties associated to the distribution of trajectory groups. These randomly selected patients were assigned to a trajectory group by iterating on the GBMM model. Then model calibration was performed using χ 2 test and the Hosmer-Lemeshow test. Distribution of trajectory groups and assignment probabilities were assessed as recommended by Nagin and Odgers. 10 Sensitivity analysis An alternative model by iterating statistical analyses was devised by excluding patients for whom less than four biochemical values were collected at four time periods. We considered that these patients were at increased risk of being less likely to be assigned to a group.
We calculated the Cohen's kappa coefficient by excluding patients with less than four biochemical values or not in order to assess if distribution of trajectory groups was consistent.
Missing data Latent trajectory model may be used if any biochemical parameter is missing. When the first day of a treatment was missing data and this treatment had not been actually reported in the quarterly report, we considered that this treatment began at mid-quarter, that is, 45 days before first reporting. Likewise, when the last day of a treatment was missing data, its discontinuation was considered to happen 45 days after the last reporting.
Statistical analyses were performed using SAS software, V.9.3 (SAS Institute, Cary, North Carolina, USA). A significance threshold of 0.05 was adopted for all analyses.
RESULTS
Among the 305 patients enrolled in the EPHEYL cohort, 269 patients with a PTH level ≥500 ng/L were included in this study. The mean duration for follow-up was 620.0 ±195.3 days. A total of 83 patients (30.9%) left the study before the end with a length of follow-up of 371.2 ±184.5 days; among them, 54 died, 26 underwent kidney transplantation, 2 moved outside the study area and 1 had recovered from renal function and stopped dialysis treatment.
Several measurements for serum levels of PTH, phosphate and calcium were reported per patient: 6.9±2.2 PTH values/patient (median of 8; 25th-75th centile: 6-9), 7.8±2.2 phosphate values/patient (median of 9; 25th-75th centile: 7-9) and 7.8±2.0 calcium values/ patient (median of 9; 25th-75th centile).
Characteristics of four distinct trajectory groups
The GBMM analysis using the zero-inflated Poisson modeling option allowed the identification of four distinct trajectories over a 2-year period after SHPT diagnosis (figure 1). The first group, identified as the 'rapid PTH drop' group, included 12.7% of patients (N=34) experiencing a rapid and sharp decrease in serum PTH level associated with decreasing serum phosphate level within normal range. Serum calcium levels were lower at the start of the study in this group when compared to other groups. The second group, identified as the 'gradual PTH decrease' group, included 36.4% of patients (n=98) experiencing a gradual and continuous decrease in serum PTH level and maintaining serum phosphate at a middle level throughout the study. The third group, identified as the 'slow PTH decrease with high phosphate' group, included 39.0% of patients (N=105) experiencing a slow decrease in serum PTH level associated with a relatively high serum phosphate level. The fourth group, identified as the 'uncontrolled SHPT' group, included 11.9% of patients (N=32) with Figure 1 Trajectories for parathyroid hormone, calcium and phosphate over the two years after diagnosis of a severe secondary hyperparathyroidism. The solid lines indicate the observed trajectories, and the dashed lines indicate the predicted trajectories with 95% CIs. Blue, 'rapid PTH drop' group; red: 'gradual PTH decrease' group; green, 'slow PTH decrease with high phosphate' group; black, 'uncontrolled SHPT' group. PTH, parathyroid hormone; SHPT, secondary hyperparathyroidism. high serum levels of PTH and phosphate throughout the study. Patients of this group had a significantly higher PTH/assay upper limit ratio at inclusion in the study (see online supplementary table S1).
Comparison of other biochemical values collected during the 24-month follow-up between groups is presented in table 1.
The group 'uncontrolled SHPT' had a significantly ( p<0.0001) higher rate of alkaline phosphatase when compared with other groups using MANOVA. 'uncontrolled SHPT' group was less likely to reach KDIGO targets for PTH at inclusion and at 24 months than the 'gradual PTH decrease' group ( p=0.003 at inclusion; p=0.0002 at 24 months) and the 'slow PTH decrease with high phosphate' group ( p<0.0001 at inclusion; p<0.0001 at 24 months).
Description of clinical practice
The average weekly duration of dialysis treatment at the inclusion was 12.0±2.0 hours without any significant difference between the trajectory patterns.
A total of 157 of patients (58.4%) received at least one prescription of cinacalcet throughout the follow-up. At the end of the follow-up, 38 patients of these 157 (24.2%) versus 9 of the 108 patients who never received cinacalcet had a PTH value under two times the upper normal limit of the assay ( p<0.001).
Vitamin D analogues, native vitamin D, CFPB and CCPB were prescribed at least once throughout the follow-up in 85 (31.6%), 210 (78.4%), 178 (66.2%) and 213 (79.2%) patients, respectively. The total length of the prescription period for each therapeutic class was not statistically different between trajectory groups (table 3). A total of 157 patients (58.4%) received at least one dose of cinacalcet. Among them, 59 patients (21.9%) had to stop taking cinacalcet treatment at least once. Regarding therapy with cinacalcet, the 'rapid PTH drop' group was most often treated at the inclusion and at 3 and 6 months whereas the 'uncontrolled SHPT' group was most often treated at 24 months (figure 2).
Biological hypocalcaemia developed in 79.6% of cinacalcet-treated patients and nausea occurred in 12.1% of them. All other adverse events occurred in <1.0% of them. Regarding adverse events of cinacalcet, no significant difference was found between trajectory groups.
A total of eight patients (3.0%) underwent a parathyroidectomy: four patients assigned in the 'uncontrolled SHPT' group after 464.5±175.3 days of follow-up; two patients in the 'slow PTH decrease with high phosphate' group after a 368-day and 447-day follow-up (407.5 ±55.86 days); one patient in the 'gradual PTH decrease' group after a 181-day follow-up and one patient in the 'rapid PTH drop' after a 202-day follow-up.
Validity of data Probability assignments were 0.89±0.17 for the 'rapid PTH drop' group, 0.84±0.18 for the 'gradual PTH decrease' group, 0.84±0.19 for the 'slow PTH decrease with high phosphate' group and 0.99±0.23 for the 'uncontrolled SHPT' group. The percentage of patients with a probability assignment to a group under 0.7 was 17.6% for the 'rapid PTH drop' group, 22.4% for the 'gradual PTH decrease' group, 27.6% for the 'slow PTH decrease with high phosphate' group and 6.3% for the 'uncontrolled SHPT' group. Model calibration was satisfactory for all trajectory groups as the Hosmer-Lemeshow test was not significant.
In figure 1 , there were no significant differences between observed values and those predicted by the statistical model irrespective of the length of follow-up and of the groups, except for PTH level in 'rapid PTH drop' and 'gradual PTH decrease' groups at 3 months.
After excluding 18 patients with less than four biochemical measurements throughout the follow-up, results remained significantly unchanged in the GBMM analysis (see online supplementary table S3). The distribution of patients into groups was preserved and the shape of trajectories was similar: 12.7% of patients were assigned in the 'rapid PTH drop' group, 35.5% in the 'gradual PTH decrease' group, 39.4% in the 'slow PTH decrease with high phosphate' group and 12.4% in the 'uncontrolled SHPT' group. The concordance between groups before and after excluding those patients was with a kappa coefficient of 0.99.
DISCUSSION
In the EPHEYL study, we previously demonstrated: first, the benefit-risk balance of cinacalcet was presumably unfavourable in patients with a low PTH level; 6 second, cinacalcet prescription was not associated with a better evolution of health-related quality of life after 1 year of treatment; 7 third, cinacalcet was used in two-thirds of the patients, a weak proportion of them reaching KDIGO targets for PTH levels when compared to patients not treated with calcimimetics. 13 Here we identify four distinct trajectories that mainly differed on the changes in serum PTH and phosphate levels over the first 2 years after diagnosis for SHPT in dialysis patients. These distinct progressive profiles actually reflect routine clinical situations.
14 Patients in the 'rapid PTH drop' group experienced a drop of serum PTH level at the beginning of the study, that is, shortly after SHPT diagnosis, and were more likely to be overtreated because the PTH/assay upper limit ratio was close to two from 9-month treatment to the end of the follow-up. Patients in the 'gradual PTH decrease' group and those in the 'slow PTH decrease with high phosphate' group experienced a more moderate decrease of PTH. Phosphataemia of the latter group, however, was more poorly controlled. Finally, the patients in the 'uncontrolled SHPT' group did not experience major changes in serum PTH and phosphate levels; such a clinical condition could account for a resistance pattern. In addition, the significant high level of serum alkaline phosphatase throughout the follow-up in the 'uncontrolled SHPT' group highlights a more severe SHPT. 15 Calcaemia was not found as a discriminatory variable in GBMM. This variable seemed less likely to vary widely within our population, whatever the group, as corroborated by a low SD for calcaemia in our follow-up. 16 This could be explained by the fact that calcium level is a closely regulated physiological variable. 17 Regarding baseline characteristics, differences between the 'uncontrolled SHPT' group and the other groups were observed and mainly concerned age, Charlson comorbidity index, professional status and current structure for dialysis unit. Age difference is likely to explain all differences regarding professional status and Charlson comorbidity index. Our results are consistent with those recently published by Parfrey et al. 18 They showed that the more pronounced effect of cinacalcet in older patients than in younger patients may be explained by the association of bone demineralisation and vascular calcification with older age. In addition, serum alkaline phosphatase levels suggest that few patients immediately treated with cinacalcet had a high bone turnover. The difference for survival did not differ between groups, but this study did not aim to compare survival and was underpowered to assess any difference.
Some explanations may be suggested for the reasons underlying heterogeneous biological progression among these patients. The association between serum levels of PTH and age is well-known and has been previously described in the literature. 19 Nutritional status is also a well-known risk factor for low PTH. 20 In our study, albumin levels did not differ in MANOVA but there was a trend for high rates in the 'uncontrolled SHPT' group with statistically significant differences at 9 and 21 months of follow-up.
Even if there was no statistically significant difference for total lengths of drug prescriptions, there were differences between groups for times of prescription. Patients of the 'rapid PTH drop' group were more likely to receive CCPB and cinacalcet at the beginning of the study and their PTH dropped simultaneously to a level close to two times the upper normal limit of the assay as recommended by the KDIGO guidelines. 5 These data suggest that patients from this group were overtreated. 20 Patient profiles or trajectories observed in real-life are different from those identified in the first efficacy studies of cinacalcet, reflecting heterogeneity of patients in real-life whereas profiles of patients included in clinical trials are more homogenous due to a careful selection. In the EVOLVE trial, patients were rather young with a median age of 55 years, whereas patients in our study had a mean age of 66.3 years and a median age of 69 years, which was closer to the median age of the population in dialysis. 21 The median serum calcium level was 2.175 mmol/L in our study, whereas it was 2.45 mmol/L in the EVOLVE trial. In addition, the EVOLVE population had a selected population profile excluding all patients with hypocalcaemia (serum calcium<8.4 mg/dL). Thus, pharmacoepidemiology studies are complementary to randomised controlled trials and provide a broad spectrum of information from real-life data.
Clinicians adhere to the K/DOQI guidelines, and their main objective of prescribing is to reach advocated targets. In the EPHEYL study, frequencies of reaching simultaneously the three biochemical targets as recommended by the 2003 KDIGO guidelines were found to be low throughout the follow-up of CKD-MBD patients. Our results supported previous findings regarding the difficulty of reaching targets, particularly for phosphate. 22 The proportion of deaths that occurred among the EPHEYL cohort by the end of the follow-up was consistent with the mortality rate of ∼120 deaths for 1000 people/year obtained for dialysis patients in the age group (60-70) through the national REIN registry in 2012. 23 In addition, our study showed 3.0% of patients undergoing parathyroidectomy, a low percentage compared to 6.6% and 7.1% of patients found in the COSMOS and Photo-Graph cohorts, respectively. 22 24 This difference with previous cohorts should be seen in the light of the proportion of patients who received cinacalcet that accounted for 58.4%. Comments should be pointed out regarding the most frequent use of cinacalcet instead of parathyroidectomy. First, we found a rather high frequency of adverse events in patients receiving cinacalcet. A higher frequency (>90% of patients) was Figure 2 Cinacalcet prescription according to trajectory groups. Blue, 'rapid PTH drop' group; red: 'gradual PTH decrease' group; green, 'slow PTH decrease with high phosphate' group; black, 'uncontrolled SHPT' group. PTH, parathyroid hormone; SHPT, secondary hyperparathyroidism. found in the EVOLVE randomised clinical trial, but reported adverse events were mainly related to digestive disorders whereas ours were mainly hypocalcaemia. 21 Second, in most studies evaluating the efficacy of cinacalcet, parathyroidectomy was therefore reported as a treatment failure or an unwanted event. 4 25 26 No superiority of cinacalcet over parathyroidectomy has not been demonstrated yet, as well as no efficacy of cinacalcet on mortality from cardiovascular disease and all causes. 24 25 In a medicoeconomic study, parathyroidectomy was more cost-effective than cinacalcet, except in patients with contraindication for surgery. 27 Finally, previous findings demonstrated efficacy of parathyroidectomy on cardiovascular mortality. 28 Lowest and highest values of PTH levels are probably associated with adynamic or hyperparathyroid bone disease, respectively. However, the majority of PTH levels will match with a grey zone where biochemical and analytical variability will hamper in-depth evaluation of CKD-MBD consequences. 29 The major strength of this investigation lies in the use of GBMM which is a valuable and useful statistical tool for identifying groups of patients and for analysing large amounts of longitudinal data. This method avoids using subjective and objective criteria to identify groups. Another advantage of this method was to combine numerous biochemical measurements in our 2-year study whereas only two measurements at baseline and 12 months of follow-up were assessed in the study conducted by Block et al. 30 As highlighted by Stevens et al and advocated in the KDIGO guidelines, a single value for a phosphocalcic parameter should no more be considered, and a tool assessing biological trends in markers of mineral-bone disorders should be preferred. 31 32 GBMM meets therefore both objectives. To the best of our knowledge, this is the first study in which GBMM was applied in CKD-MBD. Another strength was the exhaustive and consecutive data collection among all dialysis patients reporting a SHPT after dialysis initiation. The EPHEYL study included therefore incident SHPT patients who were more homogeneous than prevalent patients regarding onset of the disease and history of a shortened treatment regimen. Most studies on biochemical assessment in SHPT patients, in contrast, included prevalent SHPT patients for whom data on disease duration were unavailable. 19 26 33 The authors acknowledge several limitations. A number of nausea related to cinacalcet was likely not to be reported due to data collection on medical history and adverse events of cinacalcet from medical records. In addition, 500 ng/L was chosen as the cut-off PTH value before the publication of KDIGO clinical guidelines. It is now recognised that this value should not be interpreted as indicative of a confirmed diagnosis for SHPT. 34 In our cohort, patients were not likely to have adynamic bone disease given mean values of PTH levels.
In conclusion, our study highlighted four groups of patients with different trajectories for phosphocalcic parameters using a modern and original statistical methodology. There were significant differences in age and alkaline phosphatase between groups. GBMM is a relevant and appropriate methodology for longitudinal data analysis among SHPT patients. Further studies are necessary on larger pools of patients using other biochemical parameters or combining GBMM with propensity score.
